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Chapter 1. Introduction

Electronic devices working in space or defense applications may be exposed to environments
with significant amounts of radiation, which may consist of high-energy particles, such as protons,
neutrons, and ions. These particles could cause effects ranging from temporary loss of data to
catastrophic failure, and the specific effects are closely related to specific technologies and radia-
tion environments [1]. According to the classification, two types of radiation effects can occur:
cumulative effects and single event effects [2], as shown in Fig.I.1. Cumulative effects refer to
phenomena that depend on the total number of particles or the total amount of energy deposited,
resulting in performance degradation in some manner. In this case, the device cannot recover to
the original status by resetting the power. In some cases, the devices may recover fully or partially
after irradiation because of annealing. There are two main categories of cumulative effects: total
ionizing dose (TID) effects [3], and displacement damage (DD) [4]. Based on the dose rate, TID
effects could be further divided into low dose rate (LDR), and high dose rate (HDR). Single event
effects (SEE) [5] are caused by a single, energetic particle when it strikes and passes through the
device. Carriers are generated along the path and subsequently drift and diffuse. SEE can depend
on many factors, including device structure and strike location. The observed SEEs include single
event latchup (SEL) [6], single event upset (SEU) [7], single event transient (SET) [8], single event
functional interrupt (SEFI) [9], single event burnout (SEB) [9], and single event gate rupture
(SEGR) [9]. SEU and SEFT are soft errors and can be cleaned up by resetting the device, while
SEL, SEB, and SEGR are hard errors, and can cause degradation or even permanent damage to

the device.
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Fig.I.1 Radiation Effect categories in electronic devices

Perhaps SEL is the most well-known hard error issue, because latchup also may occur due to
electrical transients. This is a common issue in CMOS technologies. The ion strike generates a
high current flowing through an n-p-n or p-n-p bipolar junction transistor (BJT). Two parasitic
BJTs, which typically contain a p-n-p-n structure, can form a positive feedback loop, and amplify
this current [6]. As shown in Fig..2, a standard CMOS structure contains a p-n-p-n structure
formed by the NMOS and PMOS transistors and the wells. The n+ source, p- substrate, n- well
and p+ source, labeled by the shadow in Fig.1.2 (a), form an equivalent amplifier circuit in Fig.1.2
(b). If the above-mentioned high operation current appears in such a structure, the feedback loop

could amplify the current to damage the whole chip, until power is removed.
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Fig.I1.2 (a) Standard CMOS structure. (b) The parasitic p-n-p-n structure can be regarded as two
bipolar transistors. The rest structure is omitted for simplification. The pnp transistor consists of
p+ source (emitter), n well (base), and p sub (collector), while the npn transistor takes n+ source,
n well, and p sub as the emitter, base and collector, respectively.

In addition to charge generation produced by an ion strike, laser excitation can also generate a
transient current in electronic devices. A pulsed laser technique frequently used in radiation inves-
tigation is two-photon-absorption (TPA), which occurs when two sub-bandgap photons are ab-
sorbed simultaneously [10]. Since the process requires a very high photon density, it is possible to
generate carriers only around the focal point. In the work described in this dissertation, a pulsed
laser is used to relate the occurrence of latchup to the corresponding laser pulse, and obtain the
SEL sensitivity as a function of the device layout. Fig.I.3 demonstrates the general characteristics
of charge tracks generated in silicon by a tightly focused sub-bandgap laser beam [10]. Although
the laser profile may be larger than the target region in the device, the carrier distribution density
can be quantitatively calculated by simulation tools. Hence, the pulsed-laser is a powerful tool to

investigate SEL, especially to study the SEL sensitivity features inside the device in the z direction.
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Fig.1.3 Electron—hole density plot for two-photon excitation process in silicon 1.26 ym as a func-
tion of depth (z) for a 1 nJ, 120-fs pulse focused to a FWHM diameter of 1.6 um. [10]

Besides the expense, another motivation to use pulsed-laser as an alternative tool to investigate
SEL is the availability of the ion test equipment. A limited number of accelerators for radiation
testing exist in the United States, as shown in Fig.1.4. The use of more commercial devices in space
increases the demand for radiation testing. Aging facilities require more maintenance and losing a

single facility would place excessive demands on those remaining. Hence it is necessary to develop

some strategies to assist with the radiation testing.
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Fig.1.4 Available accelerators for radiation testing, as of April, 2019. [11]

Chapter II outlines essential background on SEL. It includes the physical mechanisms, char-
acterization, hardening strategies, and the current progress in using TPA tools to investigate SEE.
Other information included in Chapter II is an introduction to the Monte-Carlo Radiative Energy
Deposition (MRED) tool developed by Weller et al. at Vanderbilt University. Chapter III discusses
the TPA measurements performed at the Free Electron Laser (FEL) center at Vanderbilt University.
We developed a strategy to analyze the TPA data and get the SEL sensitivity map in three dimen-
sions. This method takes into account the existence of an onset region in which the probability of
triggering latchup transits between 0 and 1 as the laser pulse energy increases. This variability is

attributed to a combination of laser pulse-to-pulse variability and variations in local carrier density



and temperature. For each spatial position, the latchup probability associated with a given energy
is calculated. Calculation of latchup cross section at lower laser energies, relative to onset, is im-
proved significantly by taking into account the full probability distribution. Chapter IV discusses
the heavy-ion measurements, which include broadbeam and focused ion beam measurements. The
focused beam test helps to verify the sensitivity map from the laser test in Chapter III, and the
broad beam data are beneficial for establishing and calibrating the MRED model. Chapter V is
the TCAD simulation results. A simplified model which only contains 8 p-n-p-n cells is established.
The SEL threshold simulation related with the layout supports the heavy-ion results in Chapter III.
We also use this tool to study the relationship between the ion-strike location and the transient
current flowing through each p-n-p-n cell, and how the substrate resistance could affect the SEL
current. We explore using an optical simulation tool, Lumerical, along with the SEL model in
TCAD, and show the possibility to combine those two simulators for TPA-induced-latchup in the
future. Chapter VI describes the process used to correlate the results from the previous chapters to
establish the multiple sensitive volume (MSV) model in MRED. The resulting MRED model ac-
curately describes latchup data obtained at normal incidence and at roll and tilt angles of 60°, in
contrast with a simple Weibull-curve fit that leads to errors of up to a factor of 3-10 in description
of the angular data. These results demonstrate clearly that a simple Weibull curve fit, in combina-
tion with a simple integral rectangular parallelepiped model, cannot describe the full data set.
Hence, advanced physical modeling is required to develop a suitable sensitive volume model to
support latchup-probability calculations for these devices. Finally, Chapter VII is the conclusion
of this work.

The key findings of this work are: 1) We developed a test process to use a pulsed-laser to



characterize the laser-induced SEL sensitivity, especially a strategy to handle the onset region phe-
nomena. 2) A nested multiple sensitive volume model for ion induced SEL is established using the
MRED tool. This MRED-based sensitive volume model provides refined event-rate estimates in
cases where the traditional Integral Rectangular Parallel-Piped (IRPP) model is insufficient to de-
scribe critical aspects of the device geometry and/or charge collection. 3) Using the sensitive vol-
ume model built in MRED for ion induced SEL, we compare it with the sensitive volume derived
from the laser induced SEL tests. The sensitive area follows the same pattern as the ion tests. We
conclude that pulsed-laser irradiation overestimates the sensitive depth that describes the results

of heavy-ion tests due to different potential modulation mechanisms.



Chapter II. Background

This chapter reviews the background about single-event-latchup, two photon absorption in-
duced latchup, and the Monte Carlo simulation tool. In this work, the pulsed laser refers to two
photon absorption (TPA), although other pulsed laser tools, such as single photon absorption (SPA),
could also trigger latchup. SEL refers to the ion induced latchup, and latchup triggered by laser is
called TPA-induced SEL. The focus of this work is to use a pulsed laser as a tool to investigate
SEL sensitive volumes. Heavy-ion measurements serve as a reference for comparison. The purpose
of doing TPA-induced SEL measurements is to obtain a TPA-induced SEL sensitivity map of the
device, and the TPA-induced SEL cross section, which can be compared with heavy-ion results.

This chapter details the background of the techniques used in this work. Section II.1 introduces
single-event-latchup, and how it is triggered by events like ion strikes and laser pulses. The mech-
anisms and hardening strategies from the research about normal electrical latchup are discussed.
Two-photon-absorption and its application to single-event-effects (SEE) research is introduced in
Section I1.2, in order to show it is feasible to use a pulsed laser to complement some results from
ion tests. Section II.3 gives an introduction to the MRED simulation tool, and previous work on
MRED methods. 11.3.1 is an introduction about the development of rectangular parallelepiped
(RPP) models, and the motivation to use MRED. I1.3.2 describes the use of the MRED application
in SEU analysis, which is an intuitive example of how MRED can be used in conjunction with the
results from heavy-ion measurements. Due to similar change collection mechanism between SEU

and SEL, this multiple sensitive volume strategy should be applicable to SEL.



1.1 Introduction to Single Event Latchup

11.1.1 Latchup

Latchup occurs when a semiconductor device enters a high-current state as a result of interac-
tion between a p-n-p and an n-p-n bipolar transistor, which exist naturally in the technology. This
is most common in complementary metal-oxide-semiconductor (CMOS) technology [6]. Fig.1.2
(a) [13] is a standard CMOS structure. The blue-covered part contains n+ source, p substrate, n
well and p+ source, which can be analyzed as shown in Fig.1.2 (b). The parasitic p-n-p-n structure
acts as two coupled transistors. In this positive feedback system, a small current interaction can
cause a large current flow. The magnitude of the latchup current may be so high that semiconduc-
tors, metallization, and even the whole chip or system can melt. [6]

Due to the potential damage, latchup has attracted much research attention [14],[15]. The am-
plification coefficients of the two parasitic transistors must meet the requirements below in order

to trigger latchup and make the current enter into a positive feedback loop [16].

apnp+ Qnpn > 1+ epnp Opnp + enpn Gnpn , (1)
or ﬁpnp ﬂnpn 2 1 + Hpnp ﬁpnp (ﬁnp” +1) + enpn ﬂ"lm (ﬂpnp +1) ’ (2)
a
where ﬁzm , (3)
Iw Is
Hpnp = s and enpn =—. (4)
I I

where apnp and onpn are the common-base dc current gain of the vertical p-n-p and lateral n-p-n
transistors, respectively. S is the corresponding amplification coefficient. 0 represents the effects
of the resistances R, (n well resistance in Fig.1.2), and R, (p substrate resistance) in dividing the
total current between the substrate and well. 7, I, and /,, are the total current, the current passing

through the substrate, and the current passing through the well, respectively. Therefore, once the



potential drop across the junction between the p substrate and n well starts to trigger latchup,
latchup is not sustained if the gains of these two parasitic BJTs, f,n» and fpn, are not big enough.

Strategies, such as retrograde well [17],[ 18], deep trench isolation [19], lightly doped epitaxy
layer on heavily doped substrate [20], and high energy implanted buried layer [21], have been
developed to prevent latchup. From the latchup requirement analysis mentioned above, all those
strategies aim to decouple the parasitic devices, reduce the BJT gain, and decrease resistance to
the well or substrate contacts. Implementing these strategies, however, introduces tradeoffs be-
tween process complexity, cost, and area penalty. Environment effects, such as temperature, also
affect latchup sensitivity, because high temperature promotes latchup by increasing the amplifica-

tion of BJTs. Electrical latchup is not the main topic in this work, but the key results (i.e., preven-

tion strategies and triggering mechanism) are relevant for SEL.

11.1.2 Single Event Latchup

Single event latchup (SEL) is a condition that causes loss of device functionality due to a sin-
gle-event induced current state. Kolasinski et al. first observed SEL in 1979 during ground testing
[23]. The mechanism of single event latchup is shown in Fig.IL.1 (a). Under normal operation, the
p-n junction between the n well and p substrate is reverse biased as shown in the upper picture of
Fig.IL.1 (a). Once an ion passes through the device, it produces an ionization track, which is rep-
resented by the green arrow in Fig.Il.1 (a). Large numbers of electron-hole pairs are generated,
and swept by the field across the junction between the n well and p substrate. The charge forward
biases the junction, bending the energy bands near the junction. A transient current appears through
the p-n junction due to the diffusion of the majority carriers. The energy bands will further bend
when the carriers diffuse to the adjacent n+ and p+ source regions [24], as shown by the “during

SEL” status in Fig.I.1 (a). The latched condition can destroy the device, burn the whole chip, or
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damage the power supply. The energy dissipated during SEL could make the metal melt. Fig.II.1
(b) is an SEM image of an Al sphere after the device undergoes SEL [25]. The insulator is ruptured
and the metal melts. Because SEL is a hard error, once it is triggered, SEL cannot disappear until
the power is removed, and the damage typically does not recover. Hence SEL is one of the most

important issues related to using CMOS devices in space applications.

(a)

70 B12 30.08kV X18.0K 3.00»m

Fig.II.1 Introduction of SEL. (a) SEL mechanism at the view of band diagram. (b) SEM photo of
aluminum sphere emerging from fractured and lifted insulator. [25]

Heavy-ions were the first particles reported to cause SEL [23]. For very sensitive devices, SEL
can also be caused by protons [26],[27] and neutrons [28], because secondary ions produced by
proton-material or neutron-material interactions can have relatively high linear energy transfer
(LET) values. Protections for electrical latchup are all compatible with SEL protections, as intro-
duced in Part I1.1.1.

Factors that can affect SEL include temperature, bias voltage, particle energy, angle, and met-
allization layer. Increases in temperature can promote SEL [29], because the transistor gain in-

creases. High temperature reduces the potential needed to turn on the emitter/base junction of the
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two coupled transistors, hence the SEL cross section gets higher. [29] and [30] both show that
increasing the bias voltage can significantly increase the susceptibility to SEL. The angle of inci-
dence also influences SEL. Grazing angles of incidence (85°-90°) are the worst case of energy
deposition for SRAMs [28]. The presence of metal layers affects light-ion induced SEL, i.e.,
latchup produced by protons. The interactions between protons and high-Z materials, such as Cu
and Ti, can generate high LET nuclear recoils [28]. Although manufacturers of advanced ICs have
replaced Al with Cu for improved speed, the use of Cu (and other high-Z material) tends to make
ICs more sensitive to proton-induced SEL.

SEL-sensitive devices are usually used with mitigation hardware and software to enable their
use in space at reasonable cost [25]. This approach, however, requires knowledge of how fre-
quently SEL will occur and the consequences of the mitigation scheme. In recent years, some
works [31]-[33] focus on how to estimate the sensitive volume parameters that can be used to
estimate the SEL rate in various environments. The sensitive volume is the volume in which a
certain amount of energy must be deposited to produce a given effect. Hence, a method for esti-
mating the SEL sensitive volume is very useful. The abovementioned work does not make a com-
prehensive comparison of the SEL sensitive volumes between laser- and ion- induced SEL, which
is performed in this work. We developed an analysis strategy to handle the onset region phenom-
enon in two-photon-absorption induced SEL measurements and derived the sensitive volume from
the pulsed-laser tests based on this strategy. A sensitive volume model for ion-induced-SEL is

developed in this work and compared with the one from ion data for further analysis.
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1.2 Two Photon Absorption Induced SEL
11.2.1 Two Photon Absorption

Heavy ion broadbeam irradiation is the most commonly used SEL test, which usually consists
of global irradiation of a part with a constant flux. However, it is difficult to identify the affected
node or the time at which the event occurs [34]. A pulsed laser beam test can provide useful infor-
mation concerning the spatial and temporal dependence of SEE sensitivity [35]-[37]. Hence,
pulsed-laser irradiation has become a widely-used technique for exploring SEE sensitivity [38]-
[40].

Two-Photon-Absorption can be used to generate carriers in well-defined locations in complex
circuits [41]. TPA can be excited via high peak power femtosecond pulses at sub-bandgap optical
wavelengths. The laser wavelength is chosen to be less than the band gap of the semiconductor
material such that no carriers are generated when the light intensity is low [4]. Two photons can
be absorbed simultaneously, however, when the light intensity is high, resulting in electron-hole
pair generation. Carrier generation is only in the high-intensity focal region of the beam, and is
proportional to the square of the laser pulse intensity [42]-[44].

The charge generation in silicon is affected by parameters such as [4],[45]: (1) free carrier
absorption; (2) nonlinear refraction (optical Kerr effect); (3) free-carrier-induced nonlinear refrac-
tion. The carrier generation rate is described by [45]:

dN(r,z):aI(r,z)+ BI? (r,2) ’ (5)
dt hw 2hw

where N (r, z) is free carrier density, a is the linear absorption coefficient, / (7, z) is the laser pulse
irradiance, £ is the TPA coefficient, and Zw is the photon energy. In this work, the laser wavelength
1s 1260 nm, which has negligible linear absorption, hence, for the first order estimation, the charge

generation is expected to be proportional to the square of the laser energy [46].
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11.2.2 Correlation between Heavy-lon and Laser-Induced Charge Generation and Collection

Hales et al. proposed a laser-equivalent linear energy transfer (LE-LET) to correlate the col-
lected charge following heavy-ion and pulsed-laser excitation [47]. Different focusing geometries
produce different carrier densities, as shown in Fig.II.2 (a). The carrier density is centered on the
irradiance distribution, and the focus position is set at the surface of the diode, zfc= 0. In the lateral
dimension, the carrier distribution is determined by laser geometry parameters, like o (radius of
the focused beam at the 1/e? intensity point) and the Rayleigh range zo. When the sensitive volume
size is comparable to the laser profile, the collected charge from the pulsed laser depends on the
overlap of the sensitive volume and the carrier distribution. The heavy-ion curve from Xe is for
comparison. Hence if an averaged laser equivalent LET is defined, one can extract z from:

Qiaser = LET jon X z (6)
by adjusting z until the charge values match. This approach especially works well for the situation
in which the sensitive volume is larger than the laser spot size. Different laser spot sizes would

give different empirical relationships between pulsed laser energy (square) and LETjon.
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Fig.I1.2 An equivalent LET approach developed by Hales et al. to correlate with the laser-induced
charge collection. (a) TPA excitation at A=1260 nm of deep collection. The color bar is the normal-
ized charge-density values. (b) is the LET curves for the TPA laser geometries in (a). The LET
curve for Xe ion is shown for comparison. [47]

14

LET [pC um™



When the sensitive volume is small, and comparable to the laser spot size, it is challenging to
find the conditions that allow for correlating SETs produced by ions and the laser. A. Ildefonso et
al. developed a feature identification strategy to match all parameters, including transient peak
amplitude, full-width-at-half-maximum (FWHM), transient duration, plateau height, and collected
charge [48]. By refining these parameters, it is possible to determine the optical laser parameters
for correlating laser-induced SETs to heavy-ion results. As shown in Fig.I1.3 (a), excellent agree-
ment can be obtained between ion and laser waveforms for a range of LETs. Fig.I1.3 (b) is the
comparison of these two measurements for the collector, base, and substrate terminals when the

device is biased at a certain voltage.
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Fig.I1.3 Comparison of heavy-ion and laser-induced SETs for (a) multiple heavy-ion LETs and
laser pulse energies, and (b) for the collector, base and substrate terminals at a certain bias status
from [48].

Identifying the conditions that allow good correlation of the SETs produced by lasers and ions
is difficult. Hales et al. deployed an axicon, which is a component to allow a traditional focused

beam to be replaced by a quasi-Bessel beam whose diameter remains ~ 1 um over several hundreds
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of micrometers [49]. This mimics the features of ion injection. As shown in Fig.I.4 (a), the shift
of the focus position along the z direction does not affect the transient profile. Using this axicon,

they obtain the correlation in Fig.I1.4 (b).
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Fig.I1.4 (a) Transients acquired for different axial positions of the silicon photodiode for various
of both focusing geometries. (b) is the laser-ion correlation for SETs for the silicon photodiode.
The red solid line is the average of 200 heavy-ion SETs, and the shaded region denotes the standard
deviation. [49]

The difference of sensitive depth for charge collection from laser and ion measurements was
investigated in [50]. Sensitive volumes were found using experimentally determined collected
charge for two different bias conditions, -5 V and -90 V. The ion- and laser-based sensitive depths
at -5V, where the device is not fully depleted, were found to be different by 8 um, while at -90 V,
where the device is fully depleted, sensitive depths only differ by 1 um. Laser-based sensitive

depth over predicts the amount of collected charge observed by heavy ions at low bias conditions.
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The reason is found to be that the ion- and laser-deposited charge are modulating the internal po-

tential differently.

In this work, the pulsed-laser, specifically two-photon-absorption, is applied to estimate SEL
sensitive area, which has a larger sensitive volume than the other SEEs. The abovementioned ref-
erence [47]-[50] provides the potential explanation for why pulsed-laser can cause a same charge
collection profile and generate the same sensitive area for SEL with ion tests. The conclusion in
[50] is beneficial to answer why the laser- and ion-induced SEL have different sensitive depths,
which is found in this work. We perform laser induced SEL measurements in three dimensions,
and have a comprehensive description of the SEL sensitivity. The innovation is how to handle an
issue of onset region to generate a reasonable sensitivity map for laser-induced SEL. Another in-
novation is, in order to have a precise description of the sensitive volume for ion-induced SEL, we
used a first principle simulation tool to establish a multiple sensitive volume model for ion-induced
SEL in Chapter VI. By doing this, the sensitive volume for SEL induced by these two techniques
could be obviously compared. The Monte Carlo simulation tool for ion energy deposition is intro-

duced in Section I1.3.

11.2.3 Reflection in Two Photon Absorption

One important issue affecting charge collection during TPA is the reflection due to the Si/Si0>
and SiO»/metal interfaces [33],[46]. Fig.IL.5 (a) is the layer structure of the 180 nm CA18HD
process from Jazz Semiconductor. Each metal line from metal 1 to metal 6 contributes to the col-
lected charge enhancement (CCE). Metal 6 is observed to have the lowest CCE because it is the
furthest from the Si/Si0; interface. Fig.I1.5 (b) shows TPA with metallization. The photon density

in the right situation is enhanced by the reflection [33]. This type of calculation is the subject of
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ongoing investigation [51],[52]. It is usually assumed in radiation electronics that high order opti-

cal effects can be neglected [53]-[55].

Fig.IL.5 (a) Schematic cross-section of the 1.8/3.3V CA18HD process technology. (b) Illustrated
cross section of the through-wafer two-photon absorption laser spot in regions with (right) and
without (left) metallization. Reflections from the metal can enhance the photon density, and thus
the charge generation, in the silicon [33].

11.2.4 Progress of TPA-Induced SEL Investigation

Researchers have started to apply pulsed-laser irradiation to SEL investigations. TPA-induced
SEL measurements is performed in [33]. In this work, it was shown that the most sensitive region
for latchup is the area directly between the n+ and p+ sources, and the area near the well contacts
is less sensitive than the surrounding areas. [33] used a similar test structure to the one used in this
work, and mainly focused on the TPA-induced-SEL sensitivity in the x-y plane. The effects of
metallization, diffraction, and reflection are investigated. The sensitivity along the z direction is
further studied in this work.

The relationship between the number of sensitive volumes and SEL rate prediction is discussed
in [31]. The sensitive volume is much larger in lateral directions than in the vertical direction when

one sensitive volume is used. So heavy-ions with low linear energy transfer (LET) but high energy,
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which have long ranges in silicon, can deposit enough charge in the sensitive region to trigger SEL.
LET is used to determine the energy deposition from the ion, and charge production in semicon-
ductor materials due to the passage of an energetic ion depends on the ion’s stopping power or
LET [56]. Hence the SEL rate is overestimated with the assumption of one sensitive volume. This
work emphasizes how to use a pulsed laser to determine the SEL sensitive volumes, showing that
a pulsed laser is a powerful tool to locate sensitive regions.

[57] investigated how to use TPA to get the SEL sensitive depth, which is defined as the depth
at which the threshold energy required to cause latchup is twice the value at the position that re-
quires the minimum amount of energy. For the extremely sensitive device used in that work, the
sensitive depth is determined to be about 3 xm, which produces a conservative estimate of the SEL
rate. Hence, whether the sensitive depth derived from TPA tests is equivalent to that obtained from

ion-induced SEL needs to be further explored.

1.3 Monte Carlo Radiation Energy Deposition Tool Introduction

11.3.1 Definition of the Rectangular Parallelepiped (RPP) model

The “world” is defined as a region within or surrounding the device, circuit, or the target sys-
tem. The occurrence of an effect is completely controlled by what happens within the world. The
RPP model [58] can be expressed as a minimal set of assumptions [59]: (1) The world is a rectan-
gular parallelepiped. (2) The effect probability is completely described by the total energy Ey de-
posited within the world volume. (3) Esis completely determined and uniquely determined by the
linear energy transfer (LET), which is considered constant on and within the surface of the world.
Once the ion type and the energy are fixed, the same effect would be produced for a given LET.

(4) A particular radiation effect only occurs when the Eq exceeds a critical threshold £.. The RPP
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model has a long history of accurately predicting the single event effect rates for various situations,
but sometimes underestimates the event rates, especially for very small devices [59]. The physical
assumptions of the RPP model break down when device size gets small enough to be on the same
order of magnitude as the sensitive volume.

The integrated RPP (IRPP) method assumes that the world consists not of a single RPP but
rather of a large collection of RPPs. Each RPP is in an identical environment and to be identical to
all others. The IRPP model actually uses more assumptions and employs experiments to measure
the relationship between deposited energy and probability of effect. So, more information about
the system could be brought in. But when some unknown physics process appears or the physics
process becomes complex, the IRPP model cannot well define the E4. For example, the speeds of
ions with the same LET could be different. The faster ion can disperse energy to greater distance,
leading to different energy deposition [59]. LET measures the energy lost, but does not provide
information like how or where the energy appears in the material. Nuclear reactions, which may
cause more local energy deposition, are not included. LET is just an average of many Coulomb
processes between ions, electron, and nuclei of the device. Warren et al. [58],[60] address this issue
by adding several sensitive volumes with different dimensions and charge collection efficiencies.
In this situation, the sum of the collected charge in all these volumes is the total charge collected
in the device. This approach allows production of a more physically calibrated model, and this is

the Monte Carlo method which is used in the following.

11.3.2 Monte Carlo Radiative Energy Deposition Tool

Monte Carlo Radiative Energy Deposition (MRED) is a simulation code to mimic radiation
particle interactions with materials. It was developed by Weller et al. at Vanderbilt University to

simulate energy deposition in SEE and predict the cross section of events, including SEU, or SEL
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[61]-[64]. MRED is based on GEANT4, which contains well-calibrated computational physics
models for radiation transport [61],[65],[66].

Sierawski et al. applied a multiple sensitive volume (MSV) model in MRED to proton induced
SEU [67]. As shown in Fig.IL.6 (a), the weighted sensitive volume model is employed to corre-
spond to a SRAM cell. Because the four volumes have different collection coefficients, hence each
curve shown in Fig.I1.6 (b) has four subsets, which exhibit discontinuities. As the critical charge,
or the vertical line, decreases, the SEU cross section increases. The curve can be adjusted by chang-
ing the collection to obtain a well fitted data with the experimental points, as presented in Fig.I1.6
(c). This kind of MSV model is applied in this work to provide a good agreement with the SEL

data.
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Fig.I1.6 Proton induced SEU model in MRED presented by Dr. Sierawski et al. [65]. (a) Schematic
of the MSV model with different absorption for each sensitive volume. (b) Simulated SEU cross
sections as a function of collected charge. The vertical dashed line is the critical charge value
providing the least error to experimental cross sections. (¢) Simulated and experimental proton
cross sections.
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Chapter I1I. Two-Photon-Absorption Induced Single-Event-Latchup Measurement and

Sensitive Area Analysis

The sensitive area is a critical concept to help correlate laser tests and broad-beam ion tests
[57],[63],[64],[66]; the assumption is that heavy ion-induced SEL is triggered if an ionizing parti-
cle crosses the sensitive area and generates a sufficient amount of charge within the sensitive vol-
ume. In [33], Dodds et al. used a device mimicking an SRAM structure to investigate the laser-
induced SEL sensitive area. In that work, the relationship between laser-induced sensitive area and
device layout was examined in x-y planes. We performed further measurements on the same device
used in [33] along z axis in a similar structure, and developed a strategy to handle the issue of
“onset region”, which is introduced in the next paragraph.

Due to variability in pulse energy in the temporal and spatial domains, and variation in local
carrier density and temperature, laser-induced SEL at a given location is not uniquely described
by a single laser energy measurement [36]. This produces an SEL onset region in which the latchup
probability transitions between zero to one as the laser pulse energy increases. Consequently, there
is not a “threshold” pulse energy value at each position within the device that corresponds to a
sharp separation between the region of energy in which latchup occurs and that in which it does
not. This phenomenon was first discovered in single-photon absorption (SPA) [36]. In this chapter,
we use TPA-induced pulsed-laser SEL measurements on a test structure very similar to that pre-
sented in [33] to show that the details of the onset region depend on the position of the laser pulse
location relative to circuit layout. Then we demonstrate the implications of the position-dependent

onset region on the TPA-induced sensitive area.
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111.1 Device Structure

The test structure used in this study approximates the well structure of a multi-cell SRAM with
p-n-p-n cell arrays based on IEEE Standard 1181-1991; see [33] and [46] for more details. The test
array was fabricated in the Jazz 180 nm CMOS process, CA18HD. This chip contains various
blocks with different diodes. As demonstrated in Fig.IIl.1, one array contains 22 p-n-p-n cells with
common well contacts at the two ends of the wells, as marked by the dashed ellipses. The four
square pads on the top left are the bonding positions, which correspond to n well, n+, p+, and p
well, respectively. The length of each cell is 6 pm, and the width is 2.4 um. Both p and n well
regions have a length of 3 um and a width of 2.4 um. The distance between the p+ and n+ sources
is the minimum allowable spacing (called 1x in this paper), and the sources are 0.78 um wide and
1.72 pm long. The n well and p+ nodes are connected to a positive voltage, while the p well and
n+regions are connected to a negative voltage. Hence, the well junction is normally reverse biased,
and nearly no current flows through the junction. When a laser pulse generates free carriers,

latchup may occur.
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Fig.III.1 Test structure with a large number of the test arrays. Each array includes 22 p-n-p-n cells.
The dashed line of the cell layout in the upper right-hand corner is the metal-covered area. The
metal coverage ratio is 70%.
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111.2 TPA Test Setup

Back-side TPA pulsed-laser testing was performed at Vanderbilt’s laser laboratory using a 1 kHz
repetition rate, Ti/S-pumped optical parametric generator with output wavelength centered at 1260
nm [68]. Second harmonic generation autocorrelation measurements made after wavelength sepa-
ration but before the test bench give a full width at half maximum of 330 £ 20 fs for input laser
pulses. The energy of every laser pulse used during component testing was recorded. A small per-
centage of the beam entering the test bench is reflected from a CaF window, attenuated with a
neutral density (ND) filter, and focused to a 1 mm spot on the surface of a 3 mm diameter, fast
InGaAs photodetector (ET-3020 Electro-optics Technology, Inc.). The bandwidth of the InGaAs
photodiode is > 2.5 MHz. The output current from the photodetector is recorded by an oscilloscope,
along with the associated device response, for each laser pulse. A NIST-traceable calibrated pyro-
electric detector (JIOMB-LE, Molectron, Inc.) was used to measure the transmission of an OD2
ND filter and of each component in the path of the beam, at pJ-level pulse energies. The filter was
then used to produce a known attenuation, allowing measurement of the photodiode response to
nJ-level input pulse energies after calibrated measurement at the pJ-level. We estimate that the
propagated uncertainty in measurements of absolute energy at the device under test, resulting from
our calibration of the photodiode response, is less than 15%. The properties of the data presented
here are associated with the relative uncertainty, not the absolute uncertainty.

To determine the uncertainty in relative measurements of pulse energies in the test bench, the
pyroelectric detector was placed behind the CaF window to allow simultaneous measurement of
the pulse energy and the photodiode response. The pyroelectric detector is capable of measuring
and recording pulse energies at a 1 kHz repetition rate; the oscilloscope was used to record photo-

diode response curves. Both the detector and the oscilloscope were set to trigger internally. A fast
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shutter was opened for a period of 1 second, during which time information from 1000 pulses from
the 1 kHz laser was stored in both devices. The shutter synchronized the acquisition, allowing
direct correlation of the energy and the photodiode trace of each laser pulse. Paired pulse energy
and photodiode response curves for at least 1000 pulses were recorded for several average incident
pulse energies, covering the useful range of the photodiode response. The observed correlation
between the peak of the photodiode response and the corresponding measured pulse energy is
shown in Fig.II1.2 (a). The data show that the setup is capable of measuring relative energies with
high precision. The proportionality (uJ/mV) increases slowly with incident laser pulse energy, but
is nearly constant over a limited range (+ 10%) of pulse energies. The distribution of pulse energies
associated with a peak photodiode response was derived by binning the observed deviation from
the least-squares-fit to the data (Fig.II.2 (b)). The total uncertainty in relative pulse energy meas-
urements can be expressed as the 2c—width of a Gaussian fit to this distribution. The resulting
uncertainty (0.8% of the average energy) results from noise on the photodiode signal, digital sam-

pling error, and error in the pyroelectric probe measurements.
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Fig.III1.2 (a) Observed correlation between the peak of the photodiode response and the correspond-
ing measured pulse energy. (b) The observed distribution of deviations from the least-squares fit
to the correlation between photodiode response and pulse energy.
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The SEL experimental setup is shown in Fig.III.3. A GW Instek GPD 4303S power supply was
used with the bias voltage at 3.3 V. The current limit is 50 mA; no destructive damage was detected
during any of the tests. When a laser pulse triggers latchup, a microcontroller-based circuit detects
the event and breaks the latchup current path. The oscilloscope collects three channels of data;
these include the switch control, a voltage proportional to the latchup current, and the photodiode
voltage. We monitored the output of the power supply on the oscilloscope to verify that no diffi-

culties occurred due to noise and load regulation during laser strikes.

Power Supply

Bulk Si

$%

Laser Generation

Microcontroller

Fig.I11.3 Test setup. The microcontroller is in series with the device. The connection between os-
cilloscope and photodiode used to deter-mine the laser pulse energy is not shown. The oscilloscope
has a 36 GHz bandwidth and 80GS/s sampling rate.

To efficiently estimate latchup probability at each position, an energy modulator was used to
vary the incident laser energy. The maximum laser pulse energy was set using a polarizer. A mo-

torized continuous-gradient ND filter wheel was used to vary the pulse energy from the maximum
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to near zero. An example showing 700 laser pulses with energies varying from 0 to approximately
30 nJ is shown in Fig.IIl.4. This allows for automated changes in pulse energy at a single x-y
position within the array, significantly reducing test time. We also automated a scan over the area
of the array. For these scans, 700 pulses were used at each location. It is demonstrated below that

700 pulses is sufficient to obtain an accurate CDF.
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Fig.I11.4 Series of 700 laser pulses, for which the energy was varied between 0 and approximately
30 nJ using a modulator. Varying the pulse energy in this manner allows us to quickly characterize
the onset region.

l11.3 Latchup Results at a Single Position within the Array

Fig.IIL.5 (a) shows the signal sequences corresponding to seven laser pulses, with a zoomed-
in figure of the second sequence in Fig.IIL.5 (b). For each sequence, the photodiode voltage is
represented by the blue line (right y-axis). An increase in volt-age shows that a laser pulse has
occurred; the peak voltage value is proportional to the pulse energy. The curve marked as “latchup”
(black line) is proportional to the current through the diode. When the signal goes high, it indicates

a latchup event has occurred. This is detected by a microcontroller which opens an active-high
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solid-state switch in series with the power supply. This action terminates the latchup. The control
signal for the switch is indicated by the red line in Fig.IIL.5. After a short delay, the switch closes
again to allow the system to reach steady state operating conditions before the next laser pulse
arrives, allowing the latchup detection rate to be equal to the laser repetition rate. After power is
removed to clear the latchup, the power On/Off channel (the red curve) returns to the original value,
2.3 V. This 2.3 V is extracted from one terminal of the microcontroller chip, and indicates whether
the power is cut off or not. If latchup is not triggered, as for the fourth pulse sequence in Fig.III.5
(a), the power channel (the red curve) remains high and the latchup cur-rent indicator stays in the
low state. To find the threshold laser pulse energy for TPA pulsed-laser-induced latchup, we man-
ually changed the energy by using a wire-grid polarizer during the experiment. Therefore, in
Fig.IIL.5, the laser pulse energy (represented by the photodiode voltage, depicted as the blue curve)

changes significantly.
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Fig.II1.5 Pulse sequence used for latchup testing. (b) is the zoom-in of the second test sequence of

(a).
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Latchup results for 3500 laser pulses at a fixed x-y position within the array are shown in
Fig.III.6. Whether a pulse triggers latchup or not corresponds to 1 or 0, respectively. At this loca-
tion, when the laser pulse energy is above ~31 nJ, all the pulses trigger latchup, while for pulse
energies below ~28 nJ, none of the pulses trigger latchup (we will show later that the characteristics
of onset region varies with x-y position). For the region marked by the arrow (the onset region),
some pulses trigger latchup and some do not. This type of response is consistent with that observed

in [69].
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Fig II1.6 Results from 3500 pulse sequences using a varying range of energies. The position is
randomly chosen.

In [69] the latchup onset region is described by £ and Enz. Enr is defined as the energy below
which devices did not latch up, ~28 nJ in Fig.15, and E7 is defined as the energy above which
devices latch up with every laser shot, ~31 nJ in Fig.15. Hence, the energy difference between Eny
and E1, the range of energies over which the triggering process varies, is about 3 nJ (£ 0.45 nJ) in
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this case, and the difference in these values is much greater than the ability of the system to resolve
relative differences (shown in Fig.III.2 (a)). This phenomenon may be caused by variability in

laser-pulse temporal and spatial domains, and variation in local carrier density and temperature.

To investigate if the range of energies over which the latchup probability transitions from 0 to
1 is caused by effects from a sequence of pulses (perhaps self-heating effects), the time interval
between test sequences was increased. As shown in Fig.III.7, when the first pulse triggers latchup,
the power is cut off and the latchup current immediately drops to 0. The power remains off until
the fifth laser pulse sequence following the one at which latchup occurred. Four laser pulse se-
quences will not trigger latchup during this period because the power is off when these pulses
arrive at the device. The primary purpose of this test is to check if there is self-heating from the
latchup current, which is much greater than any direct self-heating that could occur due to the

energy contained in the laser pulse.
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Fig.II1.7 Multiple latchup data with a pulse interval time of 1 ms (blue data) and a 4.8 ms delay
before the test hardware was reset (red data). Plotting limitations prevent the extremely narrow
photodiode peaks from being properly rendered, introducing a visual artifact that causes the pho-
todiode peaks to appear to vary more than they actually do in the measurement.
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Fig.II1.8 shows the latchup probability for three time intervals. The probability is calculated
from the ratio of the number of pulses triggering latchup to the total number of pulses within an
energy range. All three groups of data represent results of 3500 sequences. The results are almost
identical for all interval times examined here, up to 57.5 ms. If there were a time interval depend-
ence, then there would be a threshold shift with time interval and a non-zero slope at lower inter-
vals, becoming zero at longer intervals. The data in Fig.III.8 do not depend on the time interval,

indicating that a 0.7 ms time interval is sufficient; all remaining results reported here use that value.
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Fig.II1.8 Latchup probability vs. laser pulse energies at different test intervals.

Data similar to that presented in Fig.II1.9 (using 700 pulses) were collected at various positions.
These were fit using Weibull, normal, and log normal distributions; all led to nearly identical fits.
We selected a Weibull distribution fit for this paper. The black data shown in Fig.II1.9 are used to

generate the red curve. The laser energy (square) falling into the onset region has a probability of
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triggering latchup that continuously transitions from 0 to 100%. The cumulative distribution func-
tion (CDF) is defined as:
fx)=1-e"@" x> 0. %
The expected value of the Weibull distribution is defined as:
Ezsr(1+§), (8)
in which the shape parameter k > 0 describes the shape of the Weibull distribution. In this case, a
high k value means a small onset region. € is the scale parameter. The gamma function I" (1+1/k)
is close to 1 in this situation, so E is nearly equal to €. E represents the laser pulse energy when the

latchup probability is 50%, which can be interpreted as the average latchup threshold value. The
two parameters, E and k, are extracted by a least square fitting method. The average threshold, E

is used to analyze the latchup features at various locations in the next section.
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Laser Pulse Energy (nJ)
Fig.II1.9 Results from 3500 pulse sequences using a varying range of energies. The position is
randomly chosen. The red curve is the Weibull distribution function fitting details based on the
original data. The x axis is the energy of each pulse, and the y axis represents whether latchup

occurred (0 or 1 for each laser pulse). The red curve represents a Weibull distribution that has been
fit to the data.
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After the fitting process, the width of the onset region can be defined as the energy range where
the latchup probability increases from 10% to 90%. We note that in [69] the authors use Ery, the
median value between E; and En; (e.g. see Fig 10), to represent the latchup threshold value. For
energies between E; and Ery, the latchup probability is not 0, so this underestimates the latchup
probability within this energy range. Similarly, latchup probability between Ery and Enz will be

overestimated.

111.4 Pulsed-laser TPA-Induced SEL in an Array of Cells

To characterize latchup in an array of 22 cells, an x-y area of 6 um % 55 ym was scanned as
shown in Fig.III.10. The scan steps in the x and y directions were set to 1 gum and 0.8 um. The
array length is 55 um, which matches with the scan length in y-direction. The focal point of the
laser is located at the interface between silicon substrate and the metallization layer, which is de-
fined as the z = 0 plane. The positive direction of the z axis is towards the silicon substrate. Based
on the layout, the two ends with high average threshold value, E, in the y-direction correspond to
the well contact. The threshold at the two end of the arrays could be up to 1 nJ?, while the most
sensitive part at the middle of the array has a threshold value as low as 0.008 nJ?. This is because

the contacts cannot control the potential as effectively as they do for events near contacts [33].
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Fig.II1.10 (a) Average threshold energy data in an array scan with size details. (b) The layout of
one array with the same scale to (a).

Due to the limitation of the TPA measurement, and the symmetric issue of the array layout,
one cannot recognize by eye under the microscope how the sensitivity map corresponds to the
layout. For example, the most sensitive part (with the threshold as low as 0.008 nJ?) in Fig.II1.11
(a) could correspond to either the region directly between the n+ and p+ source, or the region
between two adjacent arrays. Consequently, it is necessary to do a symmetric measurement, as

shown in Fig.III.11, to identify the corresponding relationship.
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the well). The scan path go through all arrays along the x direction, as represented by the black
67 peaks (downward), which represent 67 sensitive positions.

Fig.III.11 Symmetric measurement data. (a) Layout of all 67 arrays along the x direction (across

There is a total of 67 arrays in parallel along the x direction (across the well), and the total

length is around 403 um, as shown in Fig.II1.12 (a). A line scan is performed along the dash arrow,
which represents the scan path. (c) is the zoom-in figure of one array. The minimum scan step is 1
um. Using the analysis shown in equation (9), we could plot the SEL threshold value along the
scan path in Fig.IIl.12 (c). There are totally 67 downward peaks, which represent the positions

with low threshold and high sensitivity, so those positions are thought to correspond to the region

directly between the n+ and p+ sources, or there should be 68 downward peaks, if the sensitive

part is the region between two adjacent arrays.

The cross section is calculated by summing the scanning resolution area multiplied by the

latchup probability:

)

2 XssYssP,

o=

where Xss and Y are the scan steps in the x and y directions, respectively, 1 4m and 0.8 ym in this
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case. The latchup probability P is obtained from the total number of observed latchup events di-
vided by the total number of pulses.

In contrast to Eq. 3, in [70], the laser cross section is calculated using:
oL (Eru)=S/(MxN) Ng (En), (10)

where the laser-scanned area, S, is divided into MxN pixels, and Ng is the number of pixels where
events are observed for pulse energy Ezy. This method does not take the onset region into consid-
eration.

Cross-section calculations based on Egs. (10) and (11) are shown in Fig.III.12 The black
squares are based on Eq. 10. At each laser energy (square), the points obtained from Eq. 10 (the
square black symbols) are based on Ezx = E, corresponding to the 50% latchup probability energy
from the Weibull distribution fit. The minimum and maximum points on the error bars associated
with Eq. 11 data are obtained using E; and Enz, corresponding to the values defined in Fig.I11.12,
as the Ern. The red dots denote estimates that take into account the full probability distribution in
the onset region as determined using Eq. 10. For laser high energies, all methods converge to
similar values, corresponding to the geometric cross section.

At lower energies, estimates using E; and Ey; provide lower and upper bounds on the cross
section, and estimates using the method of Eq. 10 or E provide intermediate values. The method
of Eq.10 provides a more realistic description of the laser data through the onset region, which in

Fig.I11.9 extends from ~ 1.4 nJ? through ~ 1.6 nJ>.
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Fig.III.12 TPA cross-section of one arrays corresponding to Fig.II[.10. At each laser energy
(square), the cross section is calculated based on a small range of energies (0.15 nJ) surrounding
that point, using Eqs. 10 and 11. The red dashed line is the whole scan area, 7.2x10° cm?. The
visible minimum and maximum error bars are obtained from values of E; and Ex;. Statistical error

bars for the onset region data are equal to the cross section over the square root of the number of
observed events, and are less than the plotted dot sizes in this figure.

111.5 Pulsed-laser TPA-Induced SEL in the y-z Plane

As shown in Fig.III.13, the y-z plane at x = 3 um is expected to be the most sensitive y-z plane.
In order to investigate the sensitivity map in that plane, a y-z scan is performed. The minimum
scan steps along the y and z direction are 2 um and 3 um, respectively. On average, the SEL sen-
sitivity decreases as the z value increases. The laser length, which is defined as the distance over
which the charge density decreases to 1/e compared to the peak, along the z direction for the 1260
nm wavelength is ~ 12 um [71]. For the position above the z = 6 um plane, the SEL sensitivity is
enhanced by the metallization. For positions below the z = 6 um plane, the effect from the metal-
lization is negligible, and some insensitive positions (the blue color) appear in the sensitivity map.
It is shown that the TPA-induced SEL could still be detected until z increases to 18 um. Hence, if
the sensitive depth for TPA-induced SEL is defined as the maximum depth where a laser pulse

37



with energy of 1 nJ? could trigger latchup, the sensitive depth should be greater than 18 um.
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Fig.III.13 Threshold map data for y-z scan at x = 3 um plane. (a) shows the position of the x =3
um plane. It is defined as the interface between the n well and p well. (b) is the TPA-induced-SEL
threshold map. The scan area is 18 um x 55 um in z and y direction, respectively.

111.6 Pulsed-laser TPA-Induced SEL in an Array of Cells at Multiple z Values

Using the definition in Fig.III.13 (a), at z =0 gm, 5 gum, 10 ym, and 15 um, an x-y plan scan
is taken at different z values corresponding to the same region shown in Fig.III.10. The most left
figure in Fig.II1.14 is the layout for comparison. The color bars for all these four figures are the
same. As z increases, the SEL sensitivity gets low, then more insensitive regions appear in
Fig.II1.14. Corresponding to each z value, the TPA-induced-SEL cross section versus laser energy
square is plotted in Fig.III.14 (a). Fig.III.15 (b) shows that the saturation cross section decreases

as z increases. If the energy square of the pulsed laser is 1 nJ? at the z = 0 plane, latchup could be
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triggered anywhere on the device, but at the z= 15 um plane, only around 30% of the area could

have latchup triggered.
Y Y Y Y
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Fig.I11.14 x-y plane scan at multiple z values. (a)-(d) are the TPA-induced-SEL sensitivity maps
corresponding to z = 0 yum, 5 um, 10 um, and 15 um, respectively. (e) is the layout of one array
with size details corresponding to the scan area.
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Fig.III.15 SEL cross section analysis corresponding to multiple z scan measurements. (a) is the
cross section versus laser energy square curves at multiple z values. (b) is the saturation cross
section as a function of the z values.

1.7 TPA Measurement Summary

TPA pulsed-laser testing was used to analyze the onset region for laser-induced SEL and pro-

vide insight into the SEL cross section. The latchup data versus laser energy square data are fitted
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to a Weibull distribution, in which two key parameters, the mean threshold and shape parameter,
are used to analyze latchup as a function of location. It is shown that the well contact regions have
higher TPA-induced-latchup threshold than the surrounding areas [33]. The width of the onset
region varies with the location of the laser strike. For each pixel, the effective cross section is
calculated by multiplying the pixel area by the latchup probability. This pulsed-laser TPA-induced
SEL test method and analysis helps to provide understanding of the variation of SEL sensitivity
with area, and to provide an improved estimate of latchup cross section through the onset region.
From the y-z scan and y-z plane scans at various z values, the sensitive depth of TPA-induced
SEL is estimated to be greater than 18 um. This number corresponds to laser energy square of 1
nJ?. The sensitive area map and the sensitive depth estimation derived from the pulsed laser test

are compared with the heavy-ion results in the following sections.
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Chapter IV. Ion Induced Single-Event-Latchup Measurement

From Chapters IV to VI, we investigate ion-induced SEL in measurements, TCAD simulations,
and with a multiple sensitive volume model in MRED. The ultimate purpose is to establish a sen-
sitive volume model, which will be calibrated and verified by the heavy-ion data in this Chapter.
The measurements include broad beam tests, and focused ion beam tests. The broad beam test is
further divided into tests conducted at normal incidence and angular tests. The cross-section
curves are empirically correlated with the data obtained from the pulsed laser measurements in
Chapter III. The angular data help determine the depth of the sensitive volumes. Those data con-
tribute to estimating the detailed parameters of the sensitive volume model in Chapter VI. The
focused ion beam measurement helps to identify the sensitive area of ion-induced SEL, corre-
sponding to the device layout. This agrees with the sensitivity map from the pulsed-laser tests in

Chapter II1.

IV.1 Broad Beam Heavy-ion SEL Test at Normal Angle

The setup for the heavy-ion test is similar to the one shown in the TPA measurement section.
As shown in Fig.IV.1 (a), a total of 2144 arrays are bonded together in parallel. Each one contains
22 cells as mentioned above. A GW Instek GPD 4303S power supply, a microcontroller-based
circuit, and the board containing the device under test (DUT) are used for testing, as shown in
Fig.IV.1 (b). In all heavy-ion tests, the bias applied to the device is 3.3 V, and the current compli-
ance is 50 mA. When latchup is triggered, the microcontroller circuit resets the DUT. The response

time of the microcontroller circuit that detects latchup is about 2x10°¢ s. Hence, the response of
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the microcontroller is much faster than the rate at which ions are incident during experiments.
Accordingly, the microcontroller response time does not affect the calculated cross sections sig-
nificantly. A Hewlett Packard 53131A universal counter is connected to the microcontroller. The

trigger voltage of the counter is 2.5 V.
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Fig.IV.1 (a) Test structure topology and (b) test setup for the heavy-ion measurement.

The broad beam heavy-ion test is performed at Lawrence Berkeley National Laboratory
(LBNL). Cyclotron 88 is used to generate a diverse range of particle beams and energies for SEL
testing. All tests take place in vacuum. The test setup is similar to the one shown in Fig.IIL.3, but

the oscilloscope is changed to a counter. The particle and LET information is shown as Table IV.1.
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LET ) Range
‘ Energy Fluence Time
Species (MeV Z A Event  (um)
(MeV) (cm™) (s)
cm?/mg)

Xe 1232.55 58.78 54 124 6.5x10* 15.24 302 90

Y 928.49 34.73 39 89 4.4x10* 33.7 206 102.2

885.59 31.36 36 86 4.56x10* 1456 214 109.9
Cu 659.19 21.17 29 65 2.33x10* 44.04 106 108.0
\ 508.27 14.59 23 51 3.33x10* 32.45 105 113.4
Ar 400 9.74 18 40 8.75x10* 21.18 210 130.1
Si 291.77 6.09 14 29 3.26x10° 15048 140 141.7
Ne 216.28 3.49 10 22 3.06x10° 158 50 174.6
¢} 183.47 2.19 8 18 2.02x10’ 46 100 2264

108.01 0.89 5 11 1.52x10% 420 20 305.7

Table IV.1 Experimental ion species and energies of LBNL 88 cyclotron at normal incidence.

The data represented by the black squares in Fig.IV.2 were obtained from spatial mapping of
SEL using a pulsed laser to scan over one array, as presented in Section II. The saturated cross
section value, 3.3 x 10 cm?, is very close to the area of one array (black dashed line). The red
triangles show broad-beam heavy ion test results (LET is labeled in red on the upper x axis) and
cross section. The upper and lower x axes are scaled to produce good agreement, because there is
not a simple first-principles relationship between ion LET and laser pulse energy that includes the
effects of spatial and temporal differences in charge generation. The wavelength for the pulsed
laser was selected such that charge was generated via two photon absorption (TPA) processes;
therefore the lower x axis is laser energy squared £, instead of laser pulse energy. Schwank et al.

previously used a threshold method to calibrate the heavy-ion LET and E? [72], while we calibrate
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these two quantities using SEL cross-section values. For the SEL test structures used in the present

work, E? and heavy-ion threshold LET are related by
E*=0.008 x LET, (11)

with E in units of nJ and LET in units of MeV-cm?/mg. Similar linear relationships between E?
and LET are obtained in [48] and [72]. The calibration is based on equivalent cross section values,
which are statistical results from thousands of laser or heavy-ion events on a large device area.
Analysis of the laser results includes the probability of inducing SEL in the onset region using the
strategy in [ 73], which can improve the determination of laser-induced latchup threshold. The good
agreement between the two data sets shows that the laser is capable of mapping out a latchup

sensitive area consistent with broad-beam ion results.
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Fig.IV.2 The latchup cross section empirical fit between broad beam heavy ion-induced data and
the laser-induced data. The saturation cross section is 3.3 x10° cm?.
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IV.2 Broad Beam Heavy-ion SEL Test at Multiple Angles

In order to take heavy-ion SEL measurements at a series of angles, it is necessary to define the
direction first. As shown in Fig.IV.3, roll = 0 is defined as the direction across the well, and roll =
90° is defined as the direction along the well. The tilt is the angle between the z axis and ion-strike
direction. Data were obtained at a tilt angle of 60° for both roll angles. What should be noticed
here is, for convenience, the positive direction of the z axis is up, while the positive direction in

TPA measurement is defined as down. The raw data are recorded in Table IV.2.

. tilt

A{roll=90°, along the well)

] -

Fig.IV.3 The definition of roll and tilt corresponding to the device layout. Roll=0 is the direction
across the well, represented by ion 1. Roll=90° is the direction along the well, represented by ion
2.

45



LET Tilt  Roll .
) Energy Fluence Time SEL
Species MeV zZ A ©) ©)
(MeV) (cm) (s) Event
cm?/mg)
Xe 1232.55 58.78 54 124 0 0 6.644x10* 296 294
Xe 1232.55 58.78 54 124 60 0 1.316x10° 337 337
Xe 1232.55 58.78 54 124 80 0 3.765%10° 416 416
Xe 1232.55 58.78 54 124 60 90 1.32x10° 277 277
Xe 1232.55 58.78 54 124 80 90 3.76x10° 389 389
Ar 400 9.74 18 40 0 0 8.974x10* 20.76 176
Ar 400 9.74 18 40 60 0 1.768x10° 40.39 347
Ar 400 9.74 18 40 80 0 5.019x103 114.2 462
Ar 400 9.74 18 40 60 90 1.77x10° 41.17 294
Ar 400 9.74 18 40 80 90 5.034x10° 117.01 439
Si 291.77 6.09 14 29 0 0 3.595x10° 18.07 221
Si 291.77 6.09 14 29 60 0 7.072x10° 36.78 1099
Si 291.77 6.09 14 29 80 0 2.009%10° 102.87 1785
Si 291.77 6.09 14 29 60 90 7.1x10° 36.12 804
Si 291.77 6.09 14 29 80 90 2.009x10° 101.96 1818
Ne 216.28 3.49 10 22 0 0 2.029x10° 27.49 32
Ne 216.28 3.49 10 22 60 0 4.022x10° 54.86 321
Ne 216.28 3.49 0 22 80 0 1.153x107 160.79 5985
Ne 216.28 3.49 10 22 60 90 4.034x10° 56.73 305
Ne 216.28 3.49 10 22 80 90 1.154x107 159.36 5770
0 183.47 2.19 8 18 0 0 2.024x107 37.3 35
0 183.47 2.19 8 18 60 0 4.025x107 75.25 234
0 183.47 2.19 8 18 80 0 1.153x10% 213.49 1109
o) 183.47 2.19 8 18 60 90 4.022x107 74.59 308
0 183.47 2.19 8 18 80 90 1.153x10% 216.07 8991

Table IV.2 Experimental ion species and energies of LBNL 88 cyclotron
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Figs.IV.4 plots the cross section versus LET data; neither is corrected by dividing by the cosine
of the angle to form an effective value. As mentioned above, the cross section from Table IV.2 are
divided by 2144, the total number of arrays in the chip, to get the values in Fig.IV.4. The data show
that: (1) elevated tilt values lead to larger SEL cross sections; (2) the roll = 0° direction, across the
well, is more sensitive than roll = 90° direction, along the well. When the potential drop along the
ion path deeply penetrates into both the previously field-free p-sub and n-well regions between the
p+ and n+ sources, the parasitic latchup structure is easier to trigger [74]. This phenomenon is

more obvious when tilt = 60° than tilt = 80°.

(a) (b)
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Fig.IV.4 Broad beam heavy-ion data at multiple angles. (a) Tilt = 60°, with both roll = 0 and 90°,
respectively. (b) Tilt = 80°, with both roll = 0 and 90°, respectively.

IV.3 Focused Heavy-ion Beam SEL Test

In [33] and [73], pulsed-laser testing on this test structure showed that the region far from the

contacts is more sensitive than the area close to the contacts [75]. To confirm this response for
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heavy ions, we conducted focused-ion beam experiments using 48 MeV Cu®* with an LET of 28
MeV-cm?*/mg. A 25x110 um? area was scanned by a focused ion beam with an x resolution of 1.2
um and a y resolution of 1.6 um. The bias condition was 5V. The black points in Fig.IV.5 record
the locations at which SEL occurs. A corresponding layout picture of the test structure is shown in
the inset of Fig.IV.5; the array size is shown to the graph scale by the red dashed lines. This con-
firms that more SELs are triggered in the region far from the contacts (e.g., the center of the struc-
ture, since the contacts are on the ends).

Laser data and micro beam data also confirm that the most sensitive region (and therefore the
highest collection efficiency) is located between the two ends of the array, and the sensitivity de-
creases (therefore, the collection efficiency decreases) for events closer to the well contacts. These
results imply that the sensitive volume geometry is concentric and allows one to approximate sen-

sitive areas. These data provide preliminary parameters for the sensitive-volume model.

Fig.IV.5 Focus beam map data from the same test structure. The heavy-ion strike locations are

48



evenly distributed on the 25 x 110 um? area with an x resolution of 0.5 um and y resolution of 0.2
um.

IV.4 Heavy-ion Test Summary

Heavy-ion SEL tests are performed and empirically correlated to the laser data in Chapter II.
The broad beam data provides hints to estimate the size of the sensitive volumes with different
charge-collection efficiencies. We obtain an empirical fit between the pulsed-laser data and new
broad-beam ion-induced SEL test results, confirming that the sensitive areas are similar for each
radiation source and that pulsed-laser results can be used to approximate the sensitive areas. We
also show that the pulsed-laser data in Chapter III and new focused ion beam data of this work
confirm the sensitivity of various regions within the test structure; this allows for estimation of the
charge collection efficiencies for those various regions. Heavy-ion data obtained at multiple angles

are used to refine the size of the SV boxes, and calibrate the MRED model in Section VI.
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Chapter V. TCAD Simulation on Single-Event-Latchup of the 180 nm Technology
SRAM Structure

A TCAD model is established with the Synopsys Sentaurus device simulator to analyze the
latchup sensitivity. This simplified model contained only 8 p-n-p-n cells, while each of the physical
arrays has 22 cells. This model was used to understand the SEL sensitivity variations in Chapter
III. We used this model to further analyze some other topics, including how the transient varies
with the distance between the strike location and the well contacts, how the number of cells could

affect the SEL current, and how SEL is affected by the substrate resistance.

V.1 Model Instruction

Fig.V.1 (a) is the mesh and doping profiles of the device. Fig.V.1 (b) shows the ion strike loca-
tion, Position A and Fig.V.1 (d) shows the Gaussian distribution of the generated charge density.
Fine meshes are adopted in the source and well contacts as well as the heavy ion strike position,
as shown in Fig.V.1 (c). The n well current is monitored to judge whether latchup is triggered. If
SEL is triggered at one energy value, but not triggered at another lower energy, then the threshold
is defined as the middle number of these two energy values. The error bar is half of the difference

of the two values.
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Fig.V.1 TCAD model introduction.

V.2 SEL Sensitivity Dependence on Distances from Well Contacts

It is shown in Fig. V.2 that SEL thresholds have a strong dependence on the distances between
the well contacts and the ion strike positions. Two positions near the well contact are defined as
P1 and P2, as presented in Fig.V.1. Positions P+1 to P+5 are positions from the 1st cell to the 5th
cell, respectively. The relative positions from P+1 to P+5 within the cell are the same. The distance
between each position is 2.4 um, which is the width of a p-n-p-n cell. Positions P1 and P2 have
much higher SEL thresholds than other positions that are far from the top well contacts. Positions
close to the top well contact are less sensitive than others, as shown in the zoomed-in figure, that

is, P+5 is more sensitive than P+1. This conclusion was demonstrated experimentally in earlier
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work [33],[70]. Hence this simulation correctly describes the SEL sensitivity according to the dis-

tance from the well contacts.
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Fig.V.2 SEL sensitivity dependence on the distance from the well contacts

V.3 SEL Dependence on Distances between the lon Strike Position and the Cell

In order to investigate the current transient flowing through each cell, each p+ source is mon-
itored individually as displayed in Fig.V.3 (a). The current transient of each channel in log scale is
plotted in Fig.V.4. The ion strike position is still P1, which is near the top well contact in Fig.V.3
(b). The nodes at the left side in Fig.V.3 (a) are connected to a 3.3 V DC voltage, while the nodes
at the right side, including all p+ contacts and n+ sources are grounded. This means that there is

no current flowing through all the channels before the ion strike.
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Fig.V.3 Simulation instruction for monitored channels and strike location

Fig.V.4 (a) is the situation where the ion has an energy value just above the threshold, so SEL
is triggered, while in Fig.V.4 (b), SEL is not triggered and the ion energy is just below the threshold.
The current behavior is divided into two stages. The first transient is directly from the heavy ion,
while the other one is from the latchup status. If SEL is triggered, as shown in Fig.V.4 (a), the
current value of the second stage will be held at a high level. Whether SEL is triggered or not, they
all follow the distance principle, which is that, the closer a source is to the strike location, the more
intense the current transient will be. For instance, the current intensity through P+1 channel is

always higher than that of P+8 in both Fig.V.4 (a) and (b), because P+1 is closer to the strike spot.
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Fig.V.4 Current detail from each source channel for situations of SEL triggered and not triggered.
The ion strike position is P1 defined in Fig.V.3.

V.4 SEL Dependence on Substrate Resistance

SEL also is affected by substrate resistance, which varies from 1 KQ to infinity (floating sub-
strate). The substrate resistance does not affect the SEL threshold, but does affect the current path
through the device. Current flowing through substrate channel, n well contact channel, p well total

channel, and P+3 channel are shown in Fig. 34.

Two adjacent arrays are added to the right and left side of the array shown in Fig.V.1. This case
includes 24 cells, designated “3 arrays” in Fig.V.5. The ion energy is below the SEL threshold so
SEL is not triggered here. Fig.V.5 (a) shows that as the substrate resistance increases, the current
flowing through the substrate decreases. By comparison, the current through the well contact in-
creases, as represented in Fig. V.5 (b). The current flowing through the cell, take P+3 for example
in Fig.V.5 (d), is unchanged. In Fig.V.5 (c), the total current is also unchanged. In other words,

increasing the substrate resistance causes the current that originally flows through the substrate to
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transfer to the well contact node. The total current and SEL threshold do not change.
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V.5 SEL Dependence on p-n-p-n Cell Amount

In order to investigate this current value, some cells are removed to see if there are any changes.
The ion strike position is chosen near P+3, and the energy is just above the threshold for each

situation. We find the SEL threshold has no dependence on the number of cells (not shown here).
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Fig.V.5 Influence of the substrate resistance on the current path.

The more p-n-p-n cells exist, the higher the SEL current will be once SEL occurs.

Fig.V.6 shows that if there are 8 cells in the array, the SEL current is around 5.9 A. If two cells,

cell 2 and 4, are removed, the SEL current is reduced by about 25%, ~4.3A. We remove another
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two cells, cell 7 and cell 8, and the result does not change. Then we further remove all cells except
for cell 3, and the latchup current is about 0.6 A. The simulation result shows that the 8 cells are
in parallel and the total current is the sum of each cell channel. The removal of some cells decreases

the SEL current value, but does not affect the SEL sensitivity.
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Fig.V.6 SEL current dependence on the cell amount.

V.6 TCAD Simulation Summary

From the simulation and analysis, several conclusions are obtained. (1) Positions far from the
well contacts at the end have lower SEL thresholds. This matches well with the heavy-ion meas-
urements in Chapter I'V. (2) The distance between the strike spot and the p-n-p-n cell affects SEL
transient current intensity. If the cell is close to the ion strike location, more charge will flow though
this cell. The substrate resistance does not affect the SEL threshold. High substance resistance
shifts the current path from the substrate to the well contact. When SEL is triggered, the total

current depends on the number of cells. More p-n-p-n cells will lead to a higher SEL current.
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Chapter VI. Monte Carlo Radiative Energy Deposition Simulation on a Single-Event-
Latchup Sensitive Volume Model

Based on the heavy-ion measurements in chapter IV, the sensitive volume parameters, like
geormetry, can be estimated. The MRED model is based on ion data taken at both nomal and
angular incidence. The sensitive volume model, and this model is verified with heavy-ion

measurements and compared with the pulsed-laser data in Chapter III.

VI.1 SEL Multiple Sensitve Volume Model in MRED

A multiple-nested sensitive-volume model in MRED was developed to fit the broad-beam ion
results. The model represents one of the arrays, as shown in Fig.VI.1. The total cross section is 3.3
x 108 cm?. Fig.VI.1 (a) shows four sensitive volumes that were chosen to represent the test struc-
ture. The size of SV4, the biggest SV box, in the x-y plane equals that of a complete array. Fig.VI.1
(b) is the y-z plane view to show all the SVs are concentric in the z = 0 plane. The geometry in x,
y and z are defined as x1, x2, x3, x4, y1, 2, ¥3, ¥4, z1, 22, z3, and z4, respectively. The collection
efficiencies are defined as al, 02, a3, and 04, respectively. These choices of the number of nested
sensitive volumes, the areas of these volumes, and the corresponding charge collection efficiencies
are not unique and values are not independent. For example, if a larger SV size is chosen, then a
correspondingly lower charge collection efficiency is required to generate the same charge. The
choice of four sensitive volumes is a compromise between complexity and efficiency. Reference

[67] shows the process to calibrate the model with the ion data, based on a mathematical strategy.
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Fig.VI.1 MRED model parameter in this work. (a) and (b) are 3-D and y-z cross-section views,
respectively. (c¢) shows the SV parameters in details.

The respective sizes and charge-collection efficiencies of the nested volumes that comprise the
SEL model in this work were subject to the constraints that, from SV1 to SV4, the volume size
should increase and the effective charge-collection efficiency should decrease. So the general prin-
ciple to follow is: all the SVs are concentric: 6 um =x4 >x3 >x2>x1,55 um=y4>y3 >y2 > yl,
z4 > zy3 > z2 > z1> 0.8 um, and collection coefficients al > a2 > a3 > 04. In SV1, the heavy-ion
induced charge is assumed to be completely collected; hence, the corresponding charge collection
efficiency, al, is set to 1. The ion-induced cross-section value at LET = 2.19 MeV-cm?/mg in
Fig.IV.2 (also see Fig.VI.2) is used to define the area of SV1. It is assumed the sensitive depth is
bigger than well depth, so z1 has a minimum limitation of 0.8 gm. The area of SV4 is determined
from the saturation cross section, which is very similar to one array area, 3.3 x 10 cm?. SV2 and
SV3 are intermediate regions. From SV1 to SV4, the respective x-y dimensions are 0.1 x2 pm?,
0.5x8 pm?, 4x45 um?, and 6x55 pm?, as shown in Fig.VIL.1 (c). Geometries of SVs are derived
based on the heavy-ion data at the normal direction, and then further improved based on the data

from multiple angle conditions. The optimal values of sensitive depth are 2 um, 2.4 um, 3.2 um,
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and 4 um, from SV to SV4 respectively. The SV arrangement is not affected by the experimental
conditions, such as the trigger voltage of the counter, because it is based on the relative SEL sen-
sitivity shown in Section II.

Fig.V1.2 (a) illustrates the event cross section vs. energy deposited in the sensitive-volume
model. These results show the number of events depositing a given amount of energy or more,
weighted by the efficiencies of the individual sensitive volumes [67]. We employed five ions with
different LETs to verify whether the simulation results fit the experimental data. Beams with LETs
=2.19 (0), 3.49 (Ne), 6.09 (Si), 9.74 (Ar), and 58.78 MeV cm?/mg (Xe) were used. The disconti-
nuities of the curves in Fig.VI.2 (a) result from the use of discrete sensitive volumes, each with a
constant charge-collection efficiency. This results in a piecewise-constant function that describes
the amount of charge collected as a function of location.

Only one array is simulated in the model, and the total cross section is about 3.3 x 10 cm?.
The vertical dashed line represents the critical energy deposition value, 1.2 MeV, which provides
the best fit to the experimental data in Fig.VL.2 (b). Once the critical energy is chosen, the cross-
section values for each LET value are the points in Fig.V1.2 (b) where the vertical black dashed
line crosses the curves. These cross points are used to obtain the MRED data in Fig. V1.2 (b). The
collected charge from a latchup event eventually goes to infinity once latchup occurs, since the
process is self-sustaining. Consequently, the calculated energy in MRED is based on the originally

generated charge, which depends on the sensitive volume structure. The charge collection effi-

ciency defines how much the charge generated in the SV contributes to triggering latchup.
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Fig.VI1.2 MRED simulation at normal angles: (a) A weighted sensitive-volume model is used to
describe the charge collection within a single array of p-n-p-n cells. The nested sensitive volumes
are located within the substrate bulk and share a common upper surface. (b) The simulated SEL
cross section is shown as a function of energy deposition. The vertical dashed line displays a crit-
ical energy value providing the least error to estimates of experimental cross sections. (c) Experi-
mental and simulated values of ¢ are compared. Simulation results are derived using MRED from
intersections of the dashed lines with curves at various LETs in (a). The black curve is the two-
parameter Weibull approximation to the log o vs. effective-LET data.

VI.2 Calibration with Angular Data
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Fig.V1.3 also compares MRED predictions of cross sections with the angular data. Figs.VI1.3
(a) and (b) show comparisons for roll = 0° and roll = 90°, respectively, at a tilt value of 60°. The
threshold value (1.2 MeV) is taken from Fig.VI1.2 (a) as the cutline. Following the same principle
as in Fig.VI1.2, cross points are plotted as cross section vs. LET curves in Figs.VIL.3 (b) and (d),
respectively. No cosine law was applied to the energy deposition in these figures. There is reason-
ably good agreement between the predictions and experimental results.

The discrepancies at high LETs result from using a simplified model with a single thickness
for all SVs. Further optimization for SV thickness, together with refined choice of sizes and col-
lection efficiencies for each SV, would improve the accuracy of the model, as we discuss below.
For example, increasing the thickness of SV1 would lead to a better match to the experimental
cross-section data at low LET. However, these optimizations also increase the number of model
parameters and complexity of the model. Finally, we note that variations in voltage [76] and tem-
perature [76],[77] will also affect SEL sensitivity. Applying the approach defined in this paper to

worst-case conditions enables creation of a worst-case sensitive volume model.
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Fig.V1.3 Comparison of the MRED model and the SEL angular data from the heavy-ion. (a) and
(c) simulated SEL cross section as a function of energy deposition for conditions of roll=0, tilt=60°,
and roll=90°, tilt=60°, respectively. (b) and (d) are the comparisons of simulation data and experi-
mental data for conditions of roll=0, tilt=60°, and roll=90°, tilt=60°, respectively. The vertical

dashed line uses the same value as Fig.VI.2, around 1.2 MeV.

V1.3 Comparison with IRPP Model

We now consider how estimated error rates differ for the MRED model built in this work and

traditional approaches using heavy ion data in conjunction with rectangular parallelepiped (RPP)

or integral RPP (IRPP) models. Fig.V1.4 is derived from Figs.VI.2 and VI.3 above. The black

curve is the two-parameter Weibull approximation that approximates the full set of normal angle
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data of Fig.VI.2. Statistical error bars are smaller than symbol sizes in all cases. The angular data
are factors of 3-100x below the Weibull curve. The combined results demonstrate clear examples
of the failure of the IRPP assumptions for this test structure. For example, Ne and Si ion-beam
results show more than an order of magnitude difference in effective cross section. Hence, the need
for advanced physical modeling is both justified and required in that case to obtain more accurate

error-rate prediction [78].
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Fig.V1.4 Effective SEL cross section versus effective LET. The circles represent the normal angle
data from Fig.IV.2, and the triangles are the angular data at roll angle = 0 °, tilt angle =60°, con-
verted from Fig.IV.4 The black curve shows the Weibull function fit to the normal angle data.

If the IRPP model provided a valid description of these data, then the effective cross section
should increase monotonically with effective LET, and all points in Fig. 4 should be approximated
by a single Weibull curve. The experimental data taken at various angles (triangles and stars)
clearly show that, for ions with similar effective LETs striking the device at different angles, the
effective cross sections differ by factors of 3 to 100. These large differences between the angular

data and the Weibull curve demonstrate that the simplifying assumption of the IRPP model are not
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valid for SEL in this test structure.

Using the Weibull fit from Fig.V1.4 and a simple IRPP model, for example, one computes an
SEL rate for geostationary orbit that is 1.6 times larger than the rate computed using the MRED-
based SV model developed in this work. These rates are comparable enough that practical deci-
sions about part selection can be made using either approach, with suitable margin applied to ac-
count for un-certainties. But the MRED-based SV model enables refined event-rate estimates of

latchup, similarly to estimates of error rates [76]-[78].

V1.4 Comparison between Sensitive depths from lon and Laser Measurements

The mechanisms of charge collection from energetic ionizing particles been well investigated
[79],[80]. Along the path it traverses, the charged particle produces a dense radial distribution of
electron-hole pairs, as shown in Fig.VL5 (a) [80]. If the resulting ionization track traverses the
depletion region, carriers are rapidly (over several picoseconds) collected by the electric field,
thereby compensating the charge stored in the junction (reducing the voltage on the node perma-
nently if the node is floating and temporarily if the node is driven). Outside the depletion region
the non-equilibrium charge distribution induces a temporary funnel-shaped potential distortion
[79], which further enhances the charge collection by drift, represented by Fig.VL.5 (b). The sub-
sequent process is dominated by diffusion, Fig. VL5 (c), which lasts to 10'%s, as shown in Fig. V1.5
(d). The charge generation from the laser is radially symmetric and spans the entire device area.
The charge absorption starts at the surface of the device [81]. The carriers are generated around
the focal position and propagate towards the sensitive volume. Because the charge collection from
ions heavily depends on the depletion region, hence when the device is biased at high voltage, the
depletion width increases and the sensitive depth for ion induced SEE increases, while the sensitive

depth for laser-induced charge collection changes relatively less [81].
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Fig.VL.5 Schematic representation of charge collection in a silicon junction immediately after an

ion strike a.), during prompt (drift) collection (b.), and during diffusion collection (c.). A graph of
the junction current induced as a function of time is shown in d.). [80]

VI.5 MRED Simulation Summary

We used ion-induced latchup data to define a multiple, nested sensitive-volume model with
various collection efficiencies and geometries using the Monte Carlo Radiative Energy Deposition
tool. A self-consistent description of the results of the full data set is obtained. The radiation hard-
ness assurance implications from this work are: 1) one can use a simple set of concentric sensitive
volumes for SEL for IC well designs like those used in this study (e.g., SRAMs) and, 2) more
generally, that it is possible to combine focused pulsed-laser and broad-beam ion-induced SEL
data to define the sensitive-volume model for SEL. This enables more accurate predictions of SEL
for this and similar technologies in space environments.

We found the sensitive depth derived from the sensitive volume model in MRED is different
with the one from pulsed-laser test [82]. The difference may arise from the different carrier gener-
ation mechanisms in these two types of measurements. The pulsed laser modulates the internal
potential differently than ions and so the charge collection volumes are not necessarily the same

[81]. The laser-based sensitive volume overpredicts the experimental collected charge at low bias
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and agrees at high bias for a large-area diode. In that work, the sensitive volume describing the ion
experimental results works well at both biases. The pulsed laser tests do not produce a sensitive
depth that describes the results of the ion tests. The laser tests, however, reproduce the equivalent
cross section curve and sensitive area for ion measurements. Other research [48],[49] has demon-
strated that pulsed lasers and ions can produce similar SETs, so pulsed lasers are useful to investi-
gate SEL, although the comparison between laser and ion data may be qualitative rather than quan-

titative.
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Chapter VII. Conclusions

We develop a strategy to use pulsed laser measurements, specifically two-photon-absorption
(TPA), as a tool to investigate SEL. A multiple sensitive volume model is established to calculate
the energy deposition and the SEL cross section. In order establish a precise model in a Monte
Carlo simulation tool, MRED, we use broad beam heavy-ion tests at different angles of incidence
to calibrate the sensitive volume model. Focused ion beam measurements and TCAD simulations
are used to verify the sensitivity map. The most sensitive areas for TPA-induced-SEL are the re-
gions far from the well contacts, and the positions directly between n+ and p+ sources. These
conclusions match well with other references [33].

There are several parameters to be determined before establishing the sensitive volume model:
geometry in x, y, and z directions; and collection efficiency for each sensitive volumes. The nor-
mally-incident heavy-ion data determine the area in the x-y dimensions for each sensitive box.
Once the model matches the normal ion data, the area is fixed in the x-y plane. The angular ion
data help adjust the x and y values with the area unchanged. Based on this rule, a multiple sensitive
volume model is established to match well with all ion data. We further compare this model with
a simple IRPP model developed from CREME96 [83]; the result is similar enough that practical
decisions about part selection can be made using either approach, with suitable margin applied to
account for uncertainties. The MRED-based SV model enables refined event-rate estimates of
latchup, similarly to estimates of error rates. This MRED-based SV model provides refined event-
rate estimates in cases where the IRPP model is insufficient to describe critical aspects of the de-
vice geometry and/or charge collection.

A strategy is developed to analyze the TPA-induced-SEL data. Based on this analysis, a pulsed-
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laser induced SEL sensitive area map, and a cross section versus laser energy square curve can be
plotted. The sensitive area describes a similar pattern as the ion tests, and the cross section curve
can be empirically correlated with the cross section versus LET data from the heavy-ion test.
Comparing the sensitive depth from the laser data with the one derived from the MRED model
for heavy-ion, we conclude that pulsed-laser irradiation overestimates the sensitive depth that de-
scribes the results of heavy-ion tests. Although pulsed-laser irradiation has limitations in SEL in-
vestigation, such as metallization, and the overestimation of the sensitive depth, it provides ad-
vantages. pulsed laser irradiation is an easy way to obtain the SEL sensitive area. The SEL sensi-
tive volume for ions is the one that we care about, for the purpose of understanding the response
in real space environments. A pulsed-laser can help to understand the mechanisms of the ion re-

sponse, including identifying the sensitive area for SEL.
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